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Abstract  

The most important loss mechanism in single junction solar cells is the inability to convert photons with energies 

below the bandgap to electricity. Due to quantum confinement, graphene-based quantum dots (QDs) provide a 

means to create an intermediate band (IB) in the bandgap of semiconductors to absorb sub-bandgap photons. In 

this work, we introduce a new type-I core/shell-graphene/Si QD for use in all Si-based intermediate band solar 

cells (IBSCs). Slater-Koster Tight-Binding method is exploited to compute the ground state and the band structure 

of the graphene/Si QD. The ground state is obtained 0.6 eV above the valance band (VB), which is suitable for 

creating IB between the conduction band and VB of Si. A superlattice (SL) of this QD is created and the mini-

band formation in SL is investigated by varying the inter-dot spacing between QDs. A mini-band with roughly 0.3 

eV bandgap is observed in the well-aligned and closely packed SL. This SL is embedded in the intrinsic region of 

the conventional Si-based solar cell. The mini-band in SL works as an IB in the solar cell and results in increased 

photon absorption. As a result, carrier generation rate improves from 1.48943×1028 m-3s-1 to 7.94192×1028 m-3s-1 

and short circuit current density increases from 211.465 A/m2 to 364.19 A/m2. 
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1. Introduction  

Silicon (Si)-based solar cells are the most 

valuable commercial photovoltaics due to the great 

abundance of Si and the well-developed process [1]. 

Although Si-based solar cells hold the world record 

in efficiency, the Shockley-Queisser limit estates 

that the maximum theoretical efficiency of Si-based 

single-junction cells cannot exceed 30% [2]. The 

intermediate-band solar cell (IBSC) proposed by 

Luque and Marti is a concept to overcome the 

Shockley-Queisser limit. In this concept, an energy 

band is introduced within the Si bandgap, which is 

called the intermediate band (IB). This IB provides 

potential for sequential absorption of sub-bandgap 

photons that would be lost otherwise. In the past few 

years, various techniques have been proposed to 

incorporate the basic principles of IBSC. The most 

efficient approach is employing of quantum dots 

(QDs) [3-5]. 

https://doi.org/10.22059/jser.2022.349258.1257
https://dorl.net/dor/20.1001.1.25883097.2023.8.1.8.4
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 QD is a nanostructure, whose sizes in all three 

dimensions are smaller than the De Broglie 

wavelength of excitons. So, the moving space of 

electrons becomes smaller than the De Broglie 

wavelength which results in the confinement effect 

[6]. This confinement effect induces the quantized 

and discrete energy levels that are exploited to form 

IB in the bandgap of a semiconductor [7]. In this 

field, most of studies have been organized to design 

IB with multilayer QDs. Rocha. et al have simulated 

InAsP/InGaP QD for IBSC applications applying 

Nextnano software in 2019. They have calculated 

the band structure and wave function of QD by 

solving the Schrödinger equation and have reported 

its optical transition energies [8]. Islam. et al have 

mathematically investigated an IBSC based on 

PbSe/GaAs QD using Matlab software in 2018. 

They have reported an optimized high of QD to 

reach 37.52% conversion efficiency [5]. Hossain. et 

al have studied the effect of inter-dot spacing 

between AlInN/GaN QDs on the performance of 

IBSC utilizing the Schrödinger equation and 

Kronig–Penney model by Matlab software in 2018. 

They have found that a 0.3 nm inter-dot spacing 

results in an optimized width for IB [9]. Villa. et al 

have designed and fabricated an IBSC based on 

InAs/AlGaAs QD in 2020. They have focused on 

enhancement of photon absorption using light 

trapping techniques and have reached to an increase 

in the optical path of around 3.5 times, for photon 

energies in the 0.20–0.35 eV range [10]. Ankhi. et al 

have simulated an IBSC based on InGaAs/GaAS QD 

with a reduced recombination approach in 2020. 

They have applied the Schrödinger equation and the 

Kronig-Penney model to explain the wave function 

of the electrons in dots and barriers. Their device has 

shown a low recombination rate 3×102  1/cm2 with 

38.04 mA/cm2 short circuit current density (Jsc) [11]. 

Dias. et al have formed IB by growing InAs QDs in 

InGaP barrier by metal organic vapour phase 

deposition in 2021. They have investigated the 

optical characterization of an IBSC based on this 

QD [12]. Sharan. et al have investigated the effect of 

position dependent doping on IB generation-

recombination rate on InAs/GaAs IBSC 2022. They 

have used a 1-D drift-diffusion model to obtain the 

photovoltaic characteristics. These authors have 

enhanced the conversion efficiency by 0.69% 

compared to that of un-doped QD IBSCs [13]. 

Robichaud. et al have investigated the construction 

of ratchet type IBSC using InGaN quantum dots. 

They have used a k.p model to calculate the 

electronic structure and absorptance of superlattice 

(SL) of InGaN/GaN quantum dots. Optimizing the 

dot geometry and alloy fraction allows detailed 

balance efficiencies up to 42% for their structure 

[14]. Hu. et al have fabricated type-II Ge/Si QD for 

IBSC applications using top-down nanofabrication 

technique in 2013. They have computed the 

electronic structure of this QD based on the 

envelope function theory. A SL of this QD with 0.2 

nm inter-dot spacing, have increased the efficiency 

to 45% [1]. Lee. et al have calculated the mini-band 

structure of Ge/Si QD SL in 2016. These researchers 

have solved the Schrödinger equation under the 

Bloch theorem with one-band effective mass 

approximation [15]. Tsai. et al have designed and 

simulated an IBSC based on Ge/Si QD in 2017. 

They have exploited Luque theory derived from the 

continuity equation to achieve photoelectric 

characteristics of QD IBSC. They have reported a 

27.22% conversion efficiency with bilayer conical 

QD SL [7].  

 Owing to unique optical and electrical 

properties, graphene is a highly considerable 

material for basic studies [16]. Because of 

graphene's unique properties and quantum 

confinement, graphene-based QDs provide a means 

of creating a sub-bandgap in the bandgap of Si. The 

high edge/bulk ratio of a graphene edge has a 

significant influence on the nanoconstraint 

structures, for example, nanoribbons and quantum 

dots [17]. However, the absence of bandgap in 

graphene limits its incorporation in optoelectronic 

devices. The interaction between graphene and Si 

surface is strong, leading to the formation of 

chemical bonds and a large bandgap [18]. Recently, 

researchers interfaced graphene with silicon to form 

Schottky junctions that are useful in photo diodes, 

light harvesters, and solar cells [19].  

According to recent studies, graphene based QDs 

have not been studied for IBSC applications. In this 

work, for the first time, we introduce a new 

core/shell QD based on graphene as core and Si as 

shell of QD, to use in the Si-based IBSCs. We 

exploit Atomistix-Toolkit (ATK) software to gain 

energy states and band alignment of our QD. Then 

we create a SL of the graphene/Si QDs and 

investigate the mini-band formation in this SL by 

Slater-Koster (SK) Tight-Banding (TB) method. 

Finally, to value the potential of the mini-band in the 

SL as IB, we design an IBSC based on the 

graphene/Si QD SL and calculate its characteristics 

by applying Lumerical software. By comparing 

results with and without QD SL, we observe a 

considerable improvement. 

 

2. Materials and Methods  
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We manipulate our simulation using ATK 

software. We use a (12, 0) Si-Si nanotube with 

0.7A○ bond distance to design the shell of our QD. 

To design the core of QD, we focus on multilayer 

graphene (MLG). The weak Van Der Waals 

interlayers coupling in graphene multilayer exert a 

significant influence on the energy levels, leading to 

new properties [20]. MLG structure presents a 

transport bandgap which is generated by the 

confinement of carriers, mainly due to their own 

weak anti-localization behavior [21]. Next, we triple 

the height of the Si-Si nanotube and construct an 

interface of this nanotube (shell) and MLG (core). 

Then we shift the shell toward the core and eliminate 

the carbon atoms which are located outside of the 

shell. In this way, Si nanotube surrounds MLG. 

Since Si atoms at the graphene edge prefer sp2 

hybridization, a stable bonding between them is 

formed. Despite strong Si-C bonds, there are no 

interactions between graphene layers. Figure 1 

shows the atomic structure of the core/shell–

graphene/Si QD. Several methods have been 

developed to fabricate graphene/Si structures. It 

seems that intercalation is a suitable method for 

fabricating the proposed QD. Intercalation, where 

the deposited Si atoms do not stay at the graphene 

surface but surround graphene layers, may be 

happen at room temperature [22]. Table 1 presents 

the material parameters that are used in the design 

and simulation of the graphene/Si QD.  

 

 
Figure 1. Atomic structure of the core/shell – 

graphene/Si quantum dot 

 

Table 1. Material parameters used in the simulation 

of the graphene/Si quantum dot [19]. 

material µh  µe Øm x 𝝴 a 

Si 1471 479 4.59 4.17 - 5.43 

Garphene/Si    4.55 - - - 

Graphene    - 4.5 5.6053 2.46 

 

A single QD is not able to make a mini-band. The 

question is that how many neighbours should be 

included in the Hamiltonian. According to previous 

studies, including only the first neighbours is not 

enough for the mini-band creation, the inclusion of 

second and often the third neighbours is necessary. 

So we design SL by involving three neighbours as 

shown in figure 2. 

 

 
Figure 2. Graphene/Si quantum dot superlattice 

3. Computational method 

In general, it is difficult to simulate electronic 

devices in which quantum effects play an important 

role. Due to advances in nanotechnology, 

dimensions of electronic devices have been shrunk 

down to nanoscale. As electrons are trapped in 

nanoscale regions, the electronic states can be 

quantized and their behavior can only be described 

by the Schrödinger equation [23]. Due to strong 

covalent bonding in the QD, the Schrödinger 

equation must be solved by TB method. For 

calculating the electronic band structure of the 

graphene/Si QD, TB method is performed based on 

SK approach. The SK-TB formalism or linear 

combination of atomic orbitals is an extension of 

Bloch’s original method that is primarily used to 

calculate the band structure and single-particle 

Bloch states of a material. For large systems 

containing up to hundreds of atoms, the density 

function theory (DFT) is used to find the true ground 

state density and ground state energy of an 

interaction system without explicitly calculating the 

many-electron wave function. This semi-empirical 

method shows all the correct symmetry properties of 

the energy bands and provides a solution for the 

single-particle Schrödinger equation at each 

sampling k-points in the Irreducible Brillouin zone 

(IBZ) [24].   
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Equation (1) represents the Schrödinger 

equation:  

 

       
2h 2Ψ r V r Ψ r E Ψ r   i i i i

2m

 
    
  

                 (1) 

 

where h, m, V, Ψ, and E are the Plank constant, 

electron mass, potential energy, the wave function, 

and eigenvalues of energy, respectively [25]. Instead 

of solving the single-particle Schrödinger equation 

for each electron, it can be solved in a unit cell that 

describes the periodicity of the structure. The 

Fourier transform transfers the unit cell to IBZ in 

reciprocal space. Figure 3 depicts the unit cell and 

first IBZ of the graphene/Si QD SL. 

 

 

Figure 3(a). The unit cell, (b). first irreducible 

brillouin zone of graphene/Si quantum dot 

superlattice. 

 

In the first IBZ, the wave function and potential 

energy can be written as periodic functions: 

  

  ik.rΨ r Ψ ek
k

                                                        (2) 

  ik'.rV r V ek'
k'

                                                       (3) 

 

where k is the wave vector and r denotes the position 

of particles. The solution of equation (1) by 

considering equation (2) and equation (3) results in 

equation (4): 

2hik.r 2e E Ψ V Ψ 0k k' k k'
2mk k'

 
  
          
  

             (4) 

For this equation to be valid for every r, the 

expression in the bracket, which is independent of r, 

must be equal to zero for every k. Under this 

condition, a solution to the Schrödinger equation is a 

superposition of plane waves whose wave vectors 

differ only by reciprocal lattice vectors. This 

solution is presented in equation (5): 

 

     i K K .r ik.rΨ r C e u r ek K'
k





                            (5) 

where u(r) is a function determined by the material 

properties and repeated in every unit cell. Reciprocal 

function of u(r) is Bloch function which is shown by 

ɸ [26]. 

If there are n wave vectors considered in every 

unit cell and there are N unit cells in a crystal lattice, 

whose position are denoted by R, then the wave 

functions will be as equation (6): 

 

   
N1 ik.rlΨ k,r e Ф r Rj j l

N l 1

 


                               (6) 

 

If every band is related to one atomic energy level 

and there are no wave functions overlapping, the 

wave functions will be obtained by equation (6). In 

structures such as the graphene/Si QD SL that 

orbitals from different atoms participate in the 

formation of the energy band, the wave functions 

can be computed by equation (7): 

 

     
n

Ψ k,r C k Ф k,ri i, j j
j 1

 


                                     (7) 

where c is the weight coefficients and is calculated 

by solving equation (8): 

 

    H E k δ δ C k 0 ni,mj nm ij mj
n,i

                       (8) 

 

where the δ -functions enter by neglecting the orbital 

overlap on different atomic sites and H is the 

Hamiltonian matrix. δ and H are computed through 

equation (9) and equation (10) respectively. 

 

   * 3ψ r R r ψ r R r d r δ δiα m i jβ  n j ij mn                      (9) 

H Ф H Ф
ij i j              
                                         (10) 

By obtaining the characters of the Hamiltonian 

matrix the equation (9) changes to equation (11): 

 

    H C E k S Ci i i                                                  (11) 

 

where S is the overlap matrixes and can be obtained 

through equation (12) [27]: 

S Ф |Фij i j                                                              (12) 
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A unit cell that describes the periodicity of SL is 

defined to reduce the sampling size of k-points for 

simulation. A 10×10 k-point sampling grid, cutoff 

energy of 160 Ry, the Hamiltonian matrix elements 

that are related to the orbitals which participate in 

bonding between atoms, and periodic boundary 

conditions are considered performing these 

calculations.  

4. Results & Discussion  

A single QD has an atom-like energy band 

alignment. It means that the energy levels of a single 

QD are discrete levels. The levels that have lower 

energies than the conduction band (CB) edge of the 

host material are called the bound states, and the 

levels with higher energies than the CB edge of host 

material are called virtual bound states. The bound 

states are usually named by the quantum numbers in 

the x, y, and z dimensions, respectively, e.g. (1,1,1) 

and (2,2,1). The bound state with the quantum 

number (1,1,1) is called the ground state, and it 

constitutes the IB [28]. To create IB, the optimum 

ground state in a QD should be 0.9 eV above the 

valance band (VB) [29]. The simulation results 

reveal a 0.6 eV ground state above VB for the 

graphene/Si QD with 3 layers of graphene. It is 

important to have the IB energy level at 1/3 or 2/3 of 

the bandgap for equalizing IB photocurrents [28]. 

Due to the zero bandgap of graphene, the effective 

bandgap of the graphene/Si QD will decrease if the 

number of graphene layers increases. So the number 

of graphene layers must not exceed 3.  

Interaction of graphene and Si atoms at their 

interface results in strain. It has been verified that 

strain can considerably alter local band edge, which 

results in band offset. This band offset in 

heterojunction structures can be calculated by 

Anderson’s rule. If the vacuum levels of constituents 

are not equal, the CB offset (ΔEc) will be equal to 

their affinity’s difference [30, 31]. So according to 

material properties which are reported in table 1, 

ΔEc in graphene/Si QD is 0.33 eV. 

In graphene/Si QD, the energy level of CB of 

core is lower than the energy level of CB of shell 

and the energy level of VB of core is higher than the 

energy level of VB of shell. As a result, the band 

layout of this QD is a contravariant alignment which 

refers to type-I QD. Figure 4 demonstrates energy 

band alignment for the graphene/Si QD. The blue 

line is VB edge, the violet line is CB edge, and the 

black lines are the quantized energy levels for CB 

and VB electrons inside QD. 

 

 
Figure 4. The calculated band alignment for the 

graphene/Si quantum dot. 

 

Type-I QD traps simultaneously electrons and 

holes that results in confinement energy levels [32]. 

So the band state energy level for a single QD is a 

discrete band state due to the confined quantum 

levels. It means that a single QD is unable to make 

the mini-band. In a well-ordered QD SL, QDs 

interact with neighbour QDs. These interactions 

broaden the discrete quantum levels which are 

confined in single QD to form finite-width mini-

bands [15]. Figure 5(a) shows the band dispersion 

relation of the graphene/Si QD SL with a 0.8 nm 

inter-dot spacing between QDs. For the band 

dispersion calculation, k varies along the edges of 

the first IBZ. As it is shown, when inter-dot spacing 

is 8 nm, there is no interaction among QDs and SL 

behaves like a single QD. If the inter-dot spacing 

decreases, the density of QDs increases and then 

their wave functions spread into neighbours and 

couple with each other, resulting in the formation of 

the mini-band. The mini-band formation 

phenomenon in a well-aligned and closely packed 

SL is shown in figure 5(b). 

To investigate the filling of energy levels by 

electrons, the density of state (DOS) must be 

studied. DOS is essentially the number of different 

states at a particular energy level that electrons are 

allowed to occupy. It is mathematically represented 

as a distribution by a probability density function. It 

is also useful for recognizing of the mini-band’s 

width, which is formed in QDs Sl. Figure 6 

demonstrates DOS of SL with roughly 0.3 eV 

bandgap. 

https://en.wikipedia.org/wiki/Probability_density_function
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Figure 5. The band structure in k space along wave 

vector for the graphene/Si quantum dot superlattice 

(a): with an 8 nm inter-dot spacing; (b): for closely 

packed superlattice 

 

 
Figure 6. The density of states for closely packed 

graphene/Si quantum dot superlattice 

 

To investigate the effect of the graphene/Si QD 

SL on the performance of the Si-based solar cell, we 

design and simulate a Si-based solar cell using 

Lumerical software. Then, to design the IBSC, we 

embed the graphene/Si QD SL in the active layer 

between p-type and n-type regions. Table 2 presents 

the model geometry, which is used to design and 

simulation of the solar cells. This geometry is based 

on data which is provided on Lumerical software 

site [33]. 

 

Table 2. Model geometry used in the simulation [33]. 
layer material  Thickness 

(um) 
Reflective 

index 

AR - 0.07 2.05 

Active layer  Si 3 - 

Electrode 

QD SL  

Al 

Graphene/Si 

0.5 

0.02 

- 

- 

 

Figure 7 depicts the structure of IBSC based on 

the graphene/Si QD SL. we compute Jsc and carrier 

generation rate (G) of the solar cell with and without 

QD SL. In the simulation, the solar cell structures 

are illuminated by a light source with a spectral 

range of 0.3-5 µm. The periodic and PML boundary 

conditions are chosen in X and Y directions, 

respectively. Using nanostructures such as QDs 

often causes an open-circuit voltage drop which is 

observed when sub-bandgap states are introduced 

[34]. This drop denotes strong Auger recombination. 

In addition, the nonradiative recombination 

associated with the sub-bandgap between IB and CB 

is expected to be large. So Auger and non-radiative 

recombination are considered in the simulation 

process. The solar generation rate analyzer, a 

functional module provided by Lumerical, is 

exploited to compute the electron-hole generation 

rate. The generation and recombination of carriers 

are balanced by continuity equation and results in 

the diffusion current. Simultaneously, Poisson’s 

equation represents the variations in the electrostatic 

potential which causes the drift current. Finally, the 

electron current density in CB and the hole current 

density in VB are given by drift-diffusion equation.  

As it is shown in figure 8, when QD SL is 

embedded in the active layer of the Si-based solar 

cell, the mini-band works as IB and G increases 

significantly. In comparison with the conventional 

Si-based solar cell, which records G=1.48943×1028 

m-3s-1, the graphene/Si QD IBSC with 2 layers of 

QDs presents G=7.94192×1028 m-3s-1.  

 

 
Figure 7. Base structure of graphene/Si quantum dot 

intermediate band solar cell 
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Figure 8.Generation rate (a) for Si-based solar cell; (b) 

graphene/Si quantum dot intermediate band solar cell. 

IB splits the total bandgap of the active layer 

(EG) into two sub-bandgaps. These sub-bandgaps 

absorb photons with energy less than EG. This 

process allows for increased photon absorption via 

the two-step photon absorption from VB to IB and 

from IB to CB. The enhancement of absorption in 

IBSC in comparison with the Si-based solar cell is 

shown in figure 9. 

 

 
Figure 9. Comparison of the absorption of Si-based 

solar cell and graphene/Si quantum dot intermediate 

band solar cell. 

The absorption of sub-bandgap photons results in 

an additional photocurrent. Indeed, the embedding 

of the graphene/Si QD SL helps to increase the 

photo-generated current as expected. Jsc is calculated 

211.465 A/m2 for Si-based solar cell without QD 

SL. By embedding the first layer of QDs, Jsc 

increases to 245.192 A/m2. Adding the second layer 

of QDs, results in a considerable enhancement. Jsc of 

IBSC based on two-layer graphene/Si QDs is 

estimated 364.193 A/m2.  

5. Conclusions  

In conclusion, a new type-I core/shell-

graphene/Si QD is introduced to use in all Si-based 

IBSCs. The ground state of QD is computed 0.6 eV 

above VB applying SK-TB method. This result 

confirms the potential of QD to create IB. A well-

aligned and closely packed SL of QDs forms a mini-

band with roughly 0.3 eV bandgap. This mini-band 

is exploited as IB in the active layer of the 

conventional Si-based solar cell. The IB splits the 

total bandgap of Si into two sub-bandgaps. As a 

result, photons with energy below the bandgap of Si 

are absorbed via the two-photon absorption process, 

from VB to IB and from IB to CB. Due to 

significant improvement in absorption, G and Jsc 

increase considerably. In comparison with the 

conventional Si-based solar cell which records 

Jsc=211.465 A/m2 and G=1.48943×1028 m-3s-1, the 

graphene/Si QD IBSC with 2 layers of QDs presents 

Jsc=364.19 A/m2 and G=7.94192×1028 m-3s-1.  

 
Nomenclature 
Si Silicon 

IBSC Intermediate band solar cell 

IB Intermediate band 

QD 

eV 

Quantum dot 

Electron volt 

Jsc Short circuit current density (mA/cm2) 

ATK Atomistix toolkit software 

SL Super lattice 

SK Slater-koster method 

TB Tight-binding method 

G Carrier generation rate (m-3s-1) 

MLG 

µe 

µh 

Øm 

x 

𝝴 
a 

DFT 

Multilayer graphene 

Electron mobility (cm2/V.s) 

Hole mobility (cm2/V.s) 

Work function (eV) 

Electron affinity (eV) 

Dielectric constant 

Lattice constant (Å) 

Density functional theory 

h Plank constant 

m Electron mass 

V Potential energy 

Ψ Wave function 

E Eigenvalues of energy 

IBZ Irreducible Brillouin zone 

k Wave vector 

r 

u(r) 

Position of particles 

Function of material properties 

ɸ 

n 

N 

R 

Bloch function 

Number of wave vectors 

Number of unit cells 

Position of unit cells 

c 

δ 

Weight coefficients 

Function of neglecting orbital overlap 
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H Hamiltonian matrix 

S Overlap matrix 

VB Valance band 

CB 

ΔEc 

Conduction band 

Conduction band offset 

DOS 

AR 

Density of states 

Anti-reflecting layer 

EG Bandgap  
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